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Modified IPD Expression for Radomes with Large Curvature
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ABSTRACT: Primary insertion phase delay (IPD) expression is obtained using the flat plate model with plane wave incidence, and it only
considers the longitudinal phase shift in the free space. This causes errors in large curvature radome applications since the longitudinal
distance that wave travels in flat plate cannot represent the actual distance. Therefore, the IPD expression for radomes with large curvature
should be defined. Based on the ray tracing in the radome medium, a modified IPD expression with more accurate transmission distance
for large curvature radomes is proposed. The proposed expression can be applied to radomes with arbitrary curvature. The correctness
of our proposed expression is verified via a simplified fast radome analytical model. The results from the proposed expression show
errors within 1.0° for the parabolic radome system. The proposed expression can be applied to optimize the performance of radome
systems with large curvature. A reflector antenna radome system is employed for verification. Results show that using the modified
IPD expression to optimize the reflector antenna can increase the system gain by 1.8 dB, reduce the side lobe by 7.6 dB, and narrow the

beamwidth by 0.9°.

1. INTRODUCTION

adome is a functional component that protects the internal
Rantenna from external environmental factors, such as wind,
rain, and extreme temperatures. Radome plays a vital role in
ensuring the reliable operation of various systems such as guid-
ance, missile, communication, and telemetry systems [1-4].
Without a radome, these sensitive systems would be exposed to
environmental degradation, leading to decreased performance
and potentially catastrophic failure in mission-critical scenar-
ios. However, while the radome provides essential protection,
its presence introduces several challenges. One major draw-
back is insertion loss, where part of the signal power is lost as
the electromagnetic wave passes through the radome material.
Additionally, the radome can cause depolarization, altering the
polarization state of the signal, which affects the quality and ef-
ficiency of signal transmission. Other damages, such as signal
distortion and increased side-lobe levels, further compromise
system performance. These effects can significantly degrade
the functionality of the radome antenna system, especially in
high-precision applications.

An important parameter to evaluate radome performance is
the electrical thickness or the insertion phase delay (IPD) of the
radome. The IPD reflects the phase distortion of the electro-
magnetic wave as it passes through the radome material and is
critical in determining how the radome impacts signal transmis-
sion [5—8]. Accurately analyzing and calculating the IPD of a
radome is of significant value to the performance and design of
the radome system [9—12].

IPD is defined as the phase delay introduced by the presence
of the wall relative to free-space conditions [13, 14]. It is in-
fluenced by various factors, and there are several expressions
for calculating IPD in the published literature. The phase of
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the transmission coefficient is directly regarded as IPD in some
literature [13, 15]. This expression is not consistent with the
definition of IPD because it does not consider the phase de-
lay in the free space. The IPD expression considering the free
space phase delay can be used to evaluate the radome electrical
performance [16—18]. It can be expressed as

IPDL/H = ZTL/H - kodcosﬁi (1)

where | and || denote the vertical and horizontal polarizations,
respectively; ZT is the phase of the transmission coefficient
T; kg is the propagation constant in the free space; d is the
thickness of the radome; and 6; is the incidence angle. Some
literatures derive the simplified IPD expression based on (1) un-
der certain conditions. The IPD expression that neglects mul-
tiple reflections of the wave inside the medium can be used
to locate the radome defects [19] and to estimate the radome
thickness [20]. The approximate expression of IPD for the very
thin slab can be used to estimate the dielectric constant of the
medium accordingly [21]. The unsimplified and simplified ex-
pressions cause errors when IPD is analyzed for radomes with
large curvature, because the d in the subtracted term in (1) is
the thickness of the dielectric and is obtained using the flat plate
equivalent model. It cannot present the actual wave transmis-
sion distance in curve dielectrics. Therefore, it is necessary to
propose more precise IPD expression for radomes with large
curvature.

Here, a modified IPD expression applying more accurate
transmission distance is proposed for radomes with large curva-
ture. A two-dimensional simplified radome model and a three-
dimensional reflector antenna radome system are employed for
verification. Results show that the modified expression can en-
sure the IPD calculation accuracy for radomes with large cur-
vature and be applied to system performance improvement.
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2. THEORETICAL DEMONSTRATION

IPD is important in performance evaluation of radomes. In this
paper, we mainly consider IPD expression for single-layer ap-
plications since multilayer applications can be derived from the
single-layer case as follows [22-24]

IPD = /T — kod' cos 6;. ()

Here, /T’ is the phase angle of the transmission coefficients
for the multilayer dielectric, and d’ is the total thickness of the
multilayer dielectric.

Theoretically, IPD is expected to be negative. The value
of (1) only represents the delay without indicating positive or
negative. To align the definition of IPD with the results from
the theoretical expression, certain adjustments are applied to the
calculation expression, expressed as follows

IPD = —(/T — kod cos ;)

- (3)
= —/T + kgd cos 6;.
, | IPD-360, if IPD>0
IPD _{ IPD, if IPD <0 )

2.1. Phase Delay in the Dielectric

As shown in Fig. 1, there are two kinds of complex transmis-
sion coefficient T and Ths [25]. According to the ABC'D
transmission matrix, the more accurate complex transmission
coefficient considering the lateral transmission phase shift for
the single-layer dielectric radome can be written as ([25])

267‘7’190 sin 6;d tan 6

Ty = -
2cos (vd cosby) + j (N + +) sin (vd cos 6;) )
— |Tag| e 74T
where

v=kg sin §; / sin 6; 6)

Zicosb; cos ; : . .
= vertical polarization
N Zo cos 6 \/Er—sinQO,, ’ p (7)
- —si 2 i . . . :

2 . Zf = V?CO?ZO‘, horizontal polarization
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FIGURE 1. Propagation model in dielectric plane.

The primary one without considering the lateral transmission
phase shift A; A; can be expressed as

Tc = |Tw| e~ J®Ty pikosinOidtan 0y _ ITc| e~ JbTe |

®)
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In (8), we analyze the difference between T and T, for
single-layer dielectric according to ([25]). Using different
transmission coefficients can cause large difference in the IPD
values. We use the modified transmission coefficient Th; to
derive IPD, since when the wave is not normal incidence to the
radome, the lateral phase delay A; A'1 due to refraction cannot
be ignored.

2.2. Phase Delay in the Free Space

It can be observed from Fig. 2(a) that the departure point of
the wave at the medium’s outer wall when using the flat plate
equivalent is at A. And the phase delay in free space kgd cos 6;
in (3) only removes the corresponding vertical phase shift d; in
the free space.

However, as shown in Fig. 2(b), by tracing the ray in the free
space, it is clear that the main route of wave passing through
the free space is dy. The lateral and longitudinal phase shifts
caused by ds can be expressed as

Pz = kOIdB’A/ = kO sin GidB/A/ (9)
Py = kOydO’B/ = ko COoS HidO/B/
Then the phase shift caused by ds is
k?O- d2 = kOydO’B’ +k0$dA’B’ :Soy+§0x (10)

As shown in Fig. 2(b), the wave propagating to A’ through
dielectrics intersects the front surface at O. There is a phase
advance between O’ and O when the wave passes through in
free space. It can be expressed as

(11)

To calculate the IPD more exactly, the total phase delay in
free space needs to incorporate the phase delay caused by do
and the phase advance ¢,. Thus, the total modified phase delay
in free space is

Ya = kozdoro = ko sinb;doo.

Pd = Pz + Py — Pa
= kogdprar + koydo B — kozdoro

12)
= kozdpa + koydo B
= kosin@;dpa: + kocosb;do g
where dg 4/ and dp- g/ are
dBA/ = dOA/ sin@t (13)
dolB/ = dOB ZdOA/ COSGt. (14)

Here, 0; is the refraction angle in the dielectric, and dp 4+ is
a more accurate transmission shift which can be calculated by
ray tracing in the dielectric.

Then, the modified IPD expression with a more accurate
transmission distance can be expressed as

IPD, )

=— (LTry1y) — ©a)
=— ZTMJ_/” + ko sin@;dpar + ko cos 0;dor g/
=— LT 1) +kosin0;do.arsin 0y +ko cos 0;do.arcos 0.

(15)
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FIGURE 2. Propagation model in the curved radome. (a) The primary model obtained from the flat plate equivalent model and (b) the modified model

obtained from ray tracing method.
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FIGURE 3. The system sketch of the parabolic radome system.

3. VERIFICATION WITH RADOME SYSTEM

In order to demonstrate the effectiveness of the proposed mod-
ified IPD expression, the difference between primary IPD and
modified IPD expressions is quickly analyzed through a simpli-
fied two-dimensional radome analysis model based on physical
optics (PO) method. The calculation was done by a Matlab pro-
gram. Antenna system and its radome have 3D geometry, but
2D radome systems with simple nonvectorial nature can still be
used in modeling and analyzing [26,27]. We focus solely on
vertical polarization, as the parallel polarization case is similar
to the vertical polarization case.

According to the PO method, when the radome is present, the
inner surface field of the radome can be obtained by summing
the field vectors radiated by the antennas inner field F; and H;.
Then, the tangential electromagnetic field at the outer wall of
the radome is [28]

(16)
an

where 9 and h represent unit tangential vectors perpendicular
and parallel to the incident plane of the radome, respectively.
When the radome is absent, the field at radome outer wall is
obtained by summing the field vectors radiated by the antennas.
Then, according to the definition in [20], the simulation results
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of the IPD are obtained by the phase difference between the po-
sitions in the radome outer surface in the presence and absence
of the radome.

Figure 3 shows the system sketch of a parabolic radome sys-
tem. The radome has a fineness ratio of 2. The base diameter
and the height of the radome are 0.45 and 0.90 m, respectively.
The antennas are represented by current sources extending in-
definitely in the y-direction, evenly spaced along the z-axis.
The current sources operate at 8 GHz and are located at a dis-
tance of 0.11 m from the radome base. This distance can pro-
vide certain degrees of freedom for array rotation. The inter-
element spacing of the array is about 18.75 mm, which is half
the distance of the wavelength. The array consists of 13 ele-
ments with a distribution range about half of the radome’s base
diameter, so that the main radiating area of the antenna can
cover the center of the radome. The relative permittivity and
loss tangent are 2.33 and 0.015, respectively. Here, the primary
radiation region of the antenna on the radome is discussed, cor-
responding to the theta varying from —10° to 10°.

As shown in Fig. 4, the primary IPD expression (3) with T
agrees with the simulated IPD only when the wave is almost
normally insistent. When the radome curvature is smaller than
3.2, both the primary IPD expression (3) with T and the mod-
ified IPD expression agree well with the simulated IPD values.
However, when the curvature is larger than 3.2, only the results

150
= - = Primary IPD expression in [18] with T,
T Primary IPD expression in [18] with T
50 (= . — - Modified IPD expression (15) z
| i Calculated results by PO method d
=
g A
2 S0t x
2 -100 F — :
= = F
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-200 F """‘\"‘."'Ib‘f-/ ENVRVETLE
-250 feurvature < 3.2 curvature > 3.2 curvature < 3.2
——————— > ot —
_300 1 1 1 1 1 1 1 1
-10 8 6 4 -2 0 2 4 6 8 10

theta (Deg)

FIGURE 4. Curvature and IPD distribution of the simplified parabolic
radome system calculated from different approaches.
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calculated by the modified IPD expression can agree well with
the simulated values.

It can also be observed that using different transmission coef-
ficients for radomes with large curvature can cause large differ-
ence. The primary IPD expression with 7, instead of causing
greater deviation, gives less deviation than the primary IPD ex-
pression with T);. This is because both the T~ and phase delay
in the free space, as used in the primary expression, fail to ac-
count for the lateral phase shift. When these inaccurate terms
are subtracted from each other, their errors partially offset, re-
sulting in a deceptively smaller error in the IPD. This result
shows that the primary IPD expression with T is not sensitive
to the lateral phase shift caused by oblique incidence. However,
it should be noticed that T, is a more accurate expression and
can better describe the wave propagation in the dielectric ac-
cording to [25]. Therefore, our proposed IPD expression is de-
rived using the modified transmission coefficient 7}, and the
modified and primary expressions with 7, are mainly com-
pared in the subsequent study.

As shown in Table 1, when the radome curvature is smaller
than 3.2 and the curvature radius greater than approximately 8
times of the wavelength, the average IPD error of the proposed
expression (15) is within 1.0°; when the radome curvature is
larger than 3.2 and the curvature radius smaller than approxi-
mately 8 times of the wavelength, the average IPD error of the
proposed expression (15) is within 0.4°, which is significantly
lower than the average error of the primary IPD expressions.

According to the above analysis, the usage conditions of the
primary and modified IPD expressions are summarized and pre-
sented in Table 2.

4. MODIFIED IPD EXPRESSION APPLICATION IN RE-
FLECTOR SHAPING

To verify the practicality of the proposed expression, we apply
it to reflector antenna shaping optimization in the radome sys-
tem[11, 12]. The optimization effect is evaluated by HFSS, and
the comparison between the proposed expression and primary
IPD expression is performed.

The aperture field of an ideal reflector antenna maintains an
equal-phase surface, and it will be distorted due to the existence
of radome. This distortion can be reduced by compensating the
negative value of IPD to the antenna aperture field, so that the
aperture field can become equiphase again after transmitting
through the radome.

Since both the radome and reflector surface exhibit rotational
symmetry, the phase distortion of the antenna aperture also ex-
hibits rotational symmetry. Therefore, only the reflector an-
tenna generatrix needs to be shaped according to the IPD dis-
tribution along the generatrix.

Figure 5 shows the system sketch of a reflector antenna
radome system. The center frequency of the metal reflector an-
tenna is 22 GHz, and the wavelength is 13.6 mm. The focal
length of the reflector is 0.341 m. The size of the metal reflec-
tor is Do = 0.491 m, and the feed is a horn antenna. The base
diameter and the height of the radome are 0.675 and 0.899 m,
respectively. The radome material is polytetrafluoroethylene
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FIGURE 5. The system sketch of the reflector antenna radome system.

(PTFE), the relative permittivity and loss tangent are 2.33 and
0.015, respectively. The parameters of the metal horn antenna
are shown in Table 3.

The location of point M on the reflector generatrix can be
represented using IPD as [12]

oy -2Qf - QP
MT TR0 (1%
where
A) —
o _ IPD(A) ~IPD(P) (19)

ko

Here, IPD(A) and IPD(P) are the IPD at A and P, respec-
tively, as shown in Fig. 5.

Figure 6 shows the results of the reflector shaping using dif-
ferent IPD expressions. It can be obtained that the reflector
generatrix obtained from the modified IPD has a intermediate
degree of inclination in the end area of the reflector.

The generatrixs are fitted based on the calculated discrete
points using fifth-order polynomial. Their fitting errors are less
than 1 x 1075, which are negligible.

Figure 7 shows the comparisons of system far-field pattern
optimized using the proposed IPD expression (15) with that
using the primary IPD expression (3), and the corresponding

0.10
0.09 = = Origional radome system
l= = System optimized by the primary

0.08 IPD expression in [18] with Ty,

0.07 peeee System optimized by the proposed
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FIGURE 6. Original reflector generatrix and optimized reflector gener-
atrix calculated from different IPD expressions.
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TABLE 1. Average IPD error for parabolic radome system.

TABLE 2. Usage conditions of the three IPD expressions.

Regions

Primary IPD Primary IPD
ion i foni This
Corvatre expres.smn in expres.smn in e
Curvature radius [18] with T~ [18] with T},
/wavelength
<32 =83 1.5° 102.0° 1.0°
>32 <83 6.6° 76.9° 0.4°
<32 =383 1.5° 102.0° 1.0°

TABLE 3. Parameters of the horn antenna.

Horn Structure Length Horn Structure Length (mm)
(mm)
Waveguide a (wa) 07114 Horn_a (wa) 30184
Waveguide_a (wb) 03551 Horn_b (wb) 2349 4
Waveguide length ) oo ) Horn_1 (wl) 25244

(wl)

TABLE 4. Compensation effect of radome system.

SAWR using &
22GHz AR primary IPD in SAX.\;R :}‘;‘g
(8 with,, MO
Maximum ~ E-plane 310 336 328
Directivity
(dB) Hplane 310 336 328
Eplane  -187 -144 -183
Sidelobe
(dB) Heplane  -15.0 177 226
3dB E-plane 4.1 32 32
beamwidth
(deg) H-plane 33 2.7 26

performances are given in Table 4. Higher gain and narrower
3 dB beamwidth can be observed from the shaped antenna with
radome (SAWR) system obtained from both modified and pri-
mary IPD expressions. However, only the SAWR system ob-
tained from modified IPD expression can exhibit better perfor-
mance in the sidelobe lever. After applying the modified IPD
expression, the maximum directivity of the SAWR system can
be increased by 1.8 dB, the sidelobe reduced by 7.6 dB, and the
beamwidth narrowed by 0.9° compared with the original an-
tenna with radome (AR) system.

5. CONCLUSION

Modified IPD expression for radomes with large curvature is
proposed by tracing rays of the wave. The modified expression
is verified via a simplified fast radome analytical model, and it
can be applied to reflector shaping. Conclusions are drawn as
follows:
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IPD Expression | Curvature radius / wavelength | Incident angle
Primary  IPD | Applicable when the | Accuracy is
expression 10 | cyrvature radius exceeds 8 | insensitive to the
[18] with T, c times the wavelength. incident angle.
Primary  IPD Accuracy is insensitive to the .

. . Applicable for
CXpression I | ratig of curvature radius and normal incidence
[18] with T, wavelength. '
Modified IPD | Applicable for any curvature ﬁzzﬁ;ﬁze to tliz
expression (15) | radius and wavelength. irioident angle

= mm AR == == SAR using conventional IPD withT,,

m— : === SAR using modified IPD
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FIGURE 7. Simulated radiation patterns of the radome systems opti-
mized by different IPD expression: antenna with radome(AR); shaped
antenna with radome(SAWR). (a) system gain in E-plane (b) system
gain in H -plane (c) system normalized gain in E-plane (d) system nor-
malized gain in H-plane.

1) The modified expression employs a more accurate trans-
mission distance in the radomes. This enables the modified ex-
pression to be applied to the accurate calculation of IPD system
performance improvement for radomes with large curvature.
The simulation results demonstrate that the modified expres-
sion provides a more accurate evaluation of the large curvature
radome IPD, with the error within 1.0° in the parabolic radome
system.

2) Using the modified IPD expression to shape the reflec-
tor antenna can get an overall better system performance than
using the primary IPD expression for radomes with large cur-
vature. Simulation results show that the system gain increases
1.8 dB; the sidelobe decreases 7.6 dB; and the 3 dB beamwidth
narrows 0.9°. The reported findings are believed to provide
guidelines for curved radomes performance analysis and opti-
mization. Further attention may be paid to the limitations of the
large-size reflector radome systems such as complex reflector
generatrix and accompanied manufacturing difficulties.
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